Abstract-A low-noise amplifier (LNA) and mixer circuit in 0.35-m CMOS operates at 2.1 GHz. Merging the LNA and mixer lowers the number of transistors in the signal path and thereby also the nonlinearity and power consumption. The circuit meets the specifications for a direct conversion wide-band code-division multiple access (WCDMA) receiver. Its noise figure is 3.4 dB (5 kHz to 5 MHz), the total conversion gain is 23 dB, the third-order input-referred intercept point is 1.5 dBm, and the local oscillator leakage to the antenna is less than 71 dBm. The fully differential circuit takes 8 mA from a 2.7-V supply.
I. INTRODUCTION
T HE third generation of global wireless cellular systems is based on wide-band code-division multiple access (WCDMA). Direct sequence spread spectrum at 4-16 Mchips/s expands data into 5-MHz-wide channels. The spread data modulates the carrier with quadrature-phase-shift keying (QPSK). The WCDMA handset is full duplex, that is, it transmits in the 1.9-GHz band at the same time as it receives in the 2.1-GHz band [1] . These features pose special challenges in the receiver.
It has been previously shown that the direct conversion receiver is well suited to WCDMA [2] (Fig. 1) . The antenna preselect filter passes the 60-MHz-wide receive band, which the low-noise amplifier (LNA) amplifies. Adjacent channels, which may be 73 dB stronger, accompany the channel of interest. All the channels in the receive band are block downconverted in two mixers driven by quadrature phases of the local oscillator (LO) such that the desired channel is centered at 0 Hz, surrounded by adjacent channels.
The 5-MHz-wide desired channel competes with dc offset and flicker noise in the subsequent baseband circuits. A high-pass filter with a notch at 0 Hz nulls dc and suppresses low-frequency noise. System simulations show that a 10-kHz-wide notch in the middle of the desired channel does not degrade the bit error rate after despreading. Following amplification at baseband, an on-chip low-pass filter isolates the desired channel. Afterward, the channel is despread in digital circuits not shown in Fig. 1 . The circuit blocks in the dashed box, including the voltage-controlled oscillator (VCO), are implemented in the prototype reported in this brief.
The receiver input is tuned to the band 2. it to the demodulator with a minimum signal-to-noise (SNR) ratio of 7 dB after despreading. This requires a cascade noise figure (NF) of 9 dB at the antenna. Allowing for a duplexer loss of about 4 dB [1] and about 1-dB loss in a well-designed balun, the noise figure at the front end of the receiver electronics should be about 4 dB. Two different considerations govern the required receiver linearity [1] . First, the receiver must guard against intermodulation among strong adjacent channels. To withstand this effect, the third-order input-referred intercept point (IIP3) of the receiver must be higher than 17 dBm. Second, as no duplexer is perfect, a fraction of the transmitted signal leaks into the receiver and appears like a strong blocking signal 200 MHz away. The leaked transmit signal may be as large as 30 dBm, that is, up to 85-dB larger than the signal being received. If the IIP3 is greater than 8 dBm, then this leaked signal and out-of-band blockers will not drive the receiver into compression.
We undertook the work presented here in search of a more linear RF front-end. Let us start with the shortcomings of the cascade of a conventional LNA and mixer as a candidate for the WCDMA receiver front-end [ Fig. 2(a) ]. The single-ended nMOS LNA should be a common-source cascode degenerated with an inductor, and its load should be tuned to the band of interest with an inductor as well. Its output may be capacitor coupled into an nMOS double-balanced mixer. The LNA input FET converts the incoming signal into current, which then becomes a voltage across the inductor load. This voltage drives the transconductance input of the mixer, which once again converts the signal into current. Finally, the mixer differential pairs commutate this current, translating it in frequency, to be read off at the mixer output as voltage.
Large signal swings due to a strong adjacent channel may drive the LNA cascode FET or the mixer input FET into the triode region, thereby forcing the intermediate node where the LNA feeds the mixer into compression. Eliminating this node removes the associated bottleneck to linearity. Instead of cascading the LNA and mixer in voltage, the commutating differential pair of the mixer may be cascaded in current [ Fig. 2(b) ]. The lower FET is now a transconductor designed for low input noise and prescribed input impedance. It amplifies the input signal in current domain and feeds it directly into the commutating differential pairs comprising the mixer. We can think of this as a current-mode cascade of LNA and mixer, or simply as a low-noise mixer whose input impedance is regulated to 50 at RF.
The LNA in a direct conversion receiver must drive two mixers to produce quadrature outputs. This is realized with a differential LNA coupled into the tails of two commutating differential pairs in parallel, which together comprise two double balanced mixers ( Thus, the differential outputs and are the desired downconverted signals in quadrature phase.
The linearity of this circuit is limited at two different points. At the input port, it is limited by the bias -of the input FETs and the voltage gain in the matching circuit; at the output, too large a negative voltage swing across the load resistor might force the LNA drain into triode. In the optimum design, these two compressive effects set in at the same input level.
Since the circuit is intended for direct conversion, flicker noise at the mixer output is of concern [3] . An inductor resonating with parasitic capacitances at the tails of the mixer differential pairs lowers the effect of mixer flicker noise. This is explained in the mixer section. The resistive loads of the mixer are, of course, free of flicker noise.
For the purpose of experimentally evaluating the LNA and mixers, the prototype includes a VCO with buffer and a polyphase filter to generate the quadrature LO signals for the two mixers.
II. CIRCUITS

A. LNA
The LNA amplifies the small desired signal received at the antenna and adjacent channels, some of which may be much larger. Its gain must be sufficient to overcome the noise of subsequent circuits. It should isolate the large LO waveform from leaking out of the antenna. Finally, the LNA input impedance must be close to 50 .
The LNA transistor width (Fig. 3) is chosen to obtain the largest dynamic range at the least current. As in any LNA, the higher the transistor the better; this is why channel length is selected as the minimum (0.35 m). The following facts summarize properties of the common-source LNA.
1) To maintain impedance match at a given frequency, if the FET width is scaled down, is proportionally lower and the gate inductor must be larger. 2) At constant bias current, the dynamic range also is roughly constant [4] . By scaling up the FET gate width and, therefore, its capacitance, the dynamic range slides up, that is, the noise figure and the intercept point rise together. 3) Lowering by scaling down the FET width raises the input-referred contribution of noise from the inversion layer resistance, otherwise known as its induced gate noise [5] . From these three facts, it follows that the optimum lies where the drain-current noise and induced-gate noise referred to the same node are comparable [5] . The dimensions of the transistors were optimized using MOS Model 9 for simulation, which includes gate-induced noise. The optimum width of the LNA FET is 200 m. Choosing the appropriate -at bias for the desired IIP3 [4] leads to a bias current of 4 mA per side.
With this FET width, a source degeneration inductance of merely 0.8 nH is required to obtain a narrow-band input resistance of 50 . This is less than the inductance of a bondwire and a package lead. It may be difficult to realize this small inductor even with multiple bondwires and pins in parallel. Since the circuit is differential, the source degeneration inductors are integrated as small on-chip spirals and then center tapped to ground through the bondwire and package lead. As only the common-mode dc and even harmonics flow to ground, the bondwire and lead inductance do not affect the differential input impedance of the LNA.
B. Mixers
The two mixers are resistively loaded (Fig. 3) . Although the series load resistors consume valuable dc voltage headroom, alternatives suffer from their own problems. For example, a differential load with active pMOS pull-up current sources can operate with lower headroom, but suffers from large flicker noise.
The FETs in the commutating differential pair contribute noise as it passes through the balance point. Signal-dependent current division in the differential pair also creates nonlinearity. Sharp LO transitions alleviate both problems, that is, they lower both mixer noise and nonlinearity.
The time for the pair to transition through its active region is inversely proportional to the LO amplitude and proportional to the gate overdrive ( -) of the pair's FETs biased at balance. Every quarter cycle, the bias current of 4 mA in each LNA FET distributes itself between one pair of commutating FETs when either LO or LO pass through zero. The gate overdrive is lowered by widening each FET in the pair to 100 m/0.35 m. The amplitude of the LO is chosen to be . A larger LO amplitude will force the switch FETs into deep triode, shorting the LNA drains to the resistor loads and worsening overall linearity.
Slowly varying flicker noise at the gate of mixer FETs appears as flicker noise at the mixer output through two mechanisms [3] ; it modulates the instants of zero crossing of the tail current (direct mechanism), and it induces current in the tail capacitance (indirect mechanism) which is commutated to the output. Large LO amplitude lowers the direct mechanism. A floating on-chip inductor between the two mixer RF inputs tunes out the tail capacitance at the LO frequency to suppress the indirect mechanism [3] , thus, lowering the mean square flicker noise at the mixer output by about 35%.
In a conventional LNA and mixer [ Fig. 2(a) ], the unilateral nature of the mixer's input FET and cascode FET in the LNA substantially isolates the mixer LO port from the LNA input port. As these FETs are not present in the merged LNA and mixer [ Fig. 2(b) ], the LO signal couples strongly to the LNA input. In a direct conversion receiver where the LO frequency is tuned to the channel of interest, the coupled LO signal will radiate out of the antenna and appear as a strong in-band interferer to other nearby receivers tuned to the same frequency band.
Consider one side of the LNA, merged with a commutating differential pair [ Fig. 4(a) ]. The large periodic LO waveform at the gates of the differential pair, let us say a sinewave, appears rectified at the common source with a strong component at the second LO harmonic. This can couple through the gate-drain capacitance of the LNA FET to the receiver input, and then after passing in reverse through the passive preselect filter, it appears at the antenna. However, because it is the second harmonic, the signal may be attenuated in the preselect filter and matching network, and in any case lies far outside the WCDMA band. More problematic is the result of random imbalance or offset between the differential pair FETs, which introduces a fixed pattern AM at the common source whose envelope is periodic at the LO frequency. In a direct conversion receiver this unwanted signal, whose amplitude is roughly equal to the offset voltage, lies in the preselect filter's passband and leaks from the antenna at the same frequency as the channel of interest. WCDMA specifications limit this spurious radiation to 60 dBm [10] .
In the merged circuit described here, four mixer FETs are attached to each LNA drain [ Fig. 4(b) ]. For large signals, the voltage at the common source follows the highest of the four instantaneous gate voltages. The LO waveforms at the gates consist of four sinewaves spaced apart in phase by 90 . Thus, four peaks appear in every LO period at the common source of the four FETs. The fundamental frequency of this waveform is at the fourth LO harmonic, and because of the proximity of the peaks, its amplitude is almost ten times lower compared with the source waveform due to a differential sinewave applied to a single differential pair [ Fig. 4(a) ]. Also, as this appears equally at the two LNA inputs, the LO leakage forms a common-mode signal that is largely rejected through the antenna balun.
As mentioned before, random offsets in the differential pairs will create a fixed pattern noise with a fundamental component at the LO frequency. After every quarter period of the LO, one of the four mixer FETs connects sequentially to the LNA [ Fig. 4(c) ]. The differential pair offsets may be modeled as uncorrelated random voltage sources in series with each FET's gate. As different sets of four FETs couple to the two LNA inputs, it follows that the pattern of offsets is uncorrelated, and this creates a differential signal at the LO frequency whose amplitude is roughly equal to two times the root-mean-squared (rms) voltage offset of each FET. This will create an in-band spurious LO leakage from the antenna. The leakage level only depends on the offsets and is independent of the LO amplitude as long as it is sufficiently large to cause commutation. SPECTRE-RF simulations confirm that raising the LO amplitude by 17 dB changes the LO leakage by only 3 dB.
Capacitors across the mixer loads act as low-pass filters to upconverted signals and feedthrough at the LO frequency. Filter capacitors of 7 pF result in a cutoff frequency of 45 MHz.
C. On-Chip Local Oscillator
For the purposes of testing, a 2.1-GHz VCO is integrated on the prototype followed by a passive polyphase filter to create quadrature phases.
The nMOS differential LC oscillator is tuned with an on-chip three-terminal differential spiral inductor of 18 nH. As this structure occupies a smaller footprint over the substrate than two separate 9-nH spirals in series, substrate losses are lower. Using in-house software [6] , we have found the spiral geometry that gives the highest of 7 at 2 GHz. The spiral is built in 2.5-m-thick metal-4 over a 15-cm substrate. An nMOSFET varactor tunes the oscillation frequency over 200 MHz. The oscillator circuit consumes 3 mA and its simulated phase noise on SPECTRE-RF is 128.4 and 138.5 dBc/Hz at 5-and 15-MHz offset, respectively.
The VCO drives a passive RC polyphase filter through a buffer to produce two differential outputs in quadrature. The polyphase filter consists of two stages stagger tuned to 2.3 and 1.7 GHz. This guarantees sufficiently accurate quadrature over the VCO tuning range and across fabrication spreads in the RC time constant.
III. MEASUREMENTS
The test chip is fabricated using only FETs in the ST Microelectronics BiCMOS6M process. Test chips were mounted in a standard microwave package, and attached to double-sided printed circuit boards (PCBs). A signal splitter and two bias-Ts convert the output of single-ended instruments to differential. At the output, an off-the-shelf low-noise low-distortion line receiver (MAX 4145) converts the differential and mixer outputs to a single-ended signal and drives 50-instruments. The gain of this amplifier is set to 10 for noise figure measurement and to 1 when measuring linearity.
Two identical 50-microstrip lines lead from the SMA connectors on the test board to the input pins of the package. For testing purposes, differential impedance match is obtained by soldering a 2-pF capacitor across the transmission lines roughly 1.8-cm away from the tips of the package leads. A physically more compact balun may be constructed as an LC-CL network. Measured lies between 20 and 11 dB over the entire 60-MHz-wide WCDMA band (Fig. 5) .
The gain and noise figure were first measured using the HP8970B NF meter and an HP346C noise source. This is the most accurate way to measure gain and NF simultaneously, but it cannot measure at frequencies below 12 MHz. Therefore, the test chip is first characterized at this IF. Then, the output noise spectral density is measured on a low-frequency spectrum analyzer using the NF meter result at 12 MHz as calibration. In this way, the NF can be reliably obtained at IFs as low as 1 kHz. The true noise figure of the front-end requires appropriate de-embedding [7] of losses in off-chip elements such as laboratory baluns.
After modeling, the important parasitic resistances in the layout and package reactances at the LNA input, the gain [ Fig. 6(a) ] and noise figure [ Fig. 6(b) ] simulated on SPECTRE-RF at an IF of 12 MHz closely match measurement. With the low-frequency output of the mixer terminated by high impedance, the peak insertion gain through the front-end is 23 dB, and the cascade NF is 3.2 dB. At IF below 1 MHz, the noise figure rises due to the onset of flicker noise (Fig. 7) . Using coefficients for flicker noise taken from experimental data [8] , SPECTRE-RF predicts the measured low-frequency NF very well also. Importantly, this flicker noise makes relatively little difference to the average noise across the 5-MHz-wide channel of interest. Integrating noise from 5 kHz, the corner frequency of the dc blocking high-pass filter, to 5 MHz raises the equivalent uniform noise figure by only 0.2 dB. This was the objective at the time of initial design.
Linearity is measured with a two-tone test. Measured IIP3 across four test chips is spread between 3 dBm and 3 dBm, with an average of 1.5 dBm (Fig. 8) . Offsets between the mixers' FETs unbalance the differential output, thereby converting some fraction of the second-order distortion present as common-mode on the two output terminals into a differential signal. Consequently, the measured IIP2 of this LNA mixer is 47 dBm. This is again good enough for WCDMA [1] . The measured LO leakage on the antenna side of the input balun ranges from 71 to 76 dBm across the WCDMA band. This is consistent with the 5-mV rms offset voltage arising from the particular gate area of the differential pair FETs in the mixers [9] . Specifications for the WCDMA receiver allow an in-band LO leakage as large as 60 dBm [10] .
Measured phase noise of the VCO at 8-MHz offset from the carrier is 131 dBc/Hz, which is lower than the specified value of 129 dBc/Hz [1] .
IV. CONCLUSION
This paper shows how to merge an LNA with quadrature mixers to lower noise and improve linearity at low power consumption. The resulting circuit can be thought of as a low-noise mixer with matched input impedance. In particular, the matter of LO leakage to the front-end is discussed in detail.
Measurements on a prototype tuned to 2.1 GHz give an average noise figure of the LNA and mixer cascade of 3.2 dB, gain of 23 dB, and IIP3 higher than 3 dBm. The circuit consumes 8 mA from a 2.7-V supply. The LO leakage to the antenna is 71 dBm, which is acceptable. Altogether, the front-end meets the WCDMA requirements of a NF less than 5 dB and an IIP3 higher than 8 dBm.
